INTRODUCTION
Polybenzoxazoles (PBOs) are a class of heterocyclic highperformance polymers possessing high mechanical strength, excellent thermal stability, and interesting photophysical properties (Jaffe et al., 1992; Meador, 1998) . However, the very high rigidity of PBOs also brings the difficulties in synthesis and fabrication. The traditional approach to prepare the PBOs is the use of the strong acid, such as poly(phosphoric acid) (PPA), which can dissolve PBOs (Feng et al., 2004) . However, the use of such strong acid is environmentally unfriendly. Besides, the acid residues can catalyze the hydrolysis reaction of the oxazole rings at moderately elevated temperature under humid environment. The recent approach is to develop a PBOs precursor that is soluble in organic solvent (Fukumaru et al., 2012 (Fukumaru et al., , 2014 , or fusible at low temperature.
Benzoxazine is a newly developed thermosetting resin, which can be synthesized by Mannich condensation from phenol, amine, and formaldehyde (Holly and Cope, 1944; Ning and Ishida, 1994) . The major advantages of polybenzoxazine include excellent mechanical and thermal properties, low water absorption, high char yield, and low surface free energy (Ishida and Allen, 1996; Ishida and Low, 1997; Kim et al., 1999a,b; Wang et al., 2006; Velez-Herrera and Ishida, 2009; Yagci et al., 2009; Zhang et al., 2012 Zhang et al., , 2013 . The most interesting and unique characteristics of this class of polymers is their extraordinarily rich molecular design flexibility that allows designing a variety of molecular structures to tailor the desired properties. With the advantage of design flexibility of benzoxazine, we already developed an approach to prepare PBOs by benzoxazine resins as precursors via o-amide structure formed upon polybenzoxazine formation (Agag et al., 2012) . The cross-linked PBOs show further advantages including outstanding flexibility in the molecular design and cost effectiveness. However, this method also brought some problems during the fabrication. Although the ortho-amide benzoxazines have the very good solubility in normal solvents, some water has to be released between 250 and 300°C for the thermal conversion to form PBOs.
Poly(amide-co-imide)s (PAIs) have been developed as alternative materials, which offer a compromise between excellent processability and thermal stability. Aromatic PAIs possess balanced characteristics between polyamides and polyimides such as high thermal stability and good mechanical properties together with ease of processability (Imai, 1996) . Besides, Mathias and others reported the possible thermal conversion of orthohydroxypolyimides into PBOs with loss of carbon dioxide at temperature around 400°C (Tullos et al., 1999; Park et al., 2007) . The above features inspired the idea to incorporate amide and imide groups into one benzoxazine compound, which can be developed as a precursor for PBOs with better processability. The number of moles of water produced per chemical repeat unit in the current system is the same as our previous o-amide benzoxazine mentioned above. However, the molecular weight of the chemical repeat unit in the current paper is much larger, thus reducing the amount of water generated per unit weight, minimizing the chance of gas bubble formation. Furthermore, the thermal conversion to form PBOs from ortho-amide-imide functional benzoxazines can be realized by releasing water and CO 2 gradually at a broad temperature range of 250-400°C, which further avoids forming porous structures during the processing.
In this study, both para-and ortho-amide-imide functional benzoxazine monomers were prepared. The ortho-amide-imide functional benzoxazine shows great advantages both in the synthesis of benzoxazine monomers, ease of processing which is rare for high-performance resins, and the properties of the corresponding polybenzoxazines compared with the para-amideimide functional benzoxazine. This polybenzoxazine derived from ortho-functional benzoxazine monomer is a subject of very recent paper where unexpected superior properties were observed for ortho-functional benzoxazine in comparison of parafunctional benzoxazine (Liu and Ishida, 2014) . For the crosslinked PAIs based on ortho-amide-imide functional benzoxazine, subsequent in situ thermal conversion can provide an alternative method for preparing a more thermally stable cross-linked poly(benzoxazole-co-imide). Besides, the poly(benzoxazole-coimide) can also undergo a further thermal conversion to form PBO. Compared with the conversion of ortho-hydroxypolyimides and ortho-hydroxypolyamides to PBOs, it starts from rather inexpensive benzoxazine compounds than very expensive aromatic bisaminophenols. As such, the compound is easy to synthesize, inexpensive, and easy to process. Moreover, a main-chain type ortho-functional polybenzoxazine with amide-imide and benzoxazine groups as repeating units in the main-chain has also been prepared. Additionally, the structure of these new benzoxazines has been characterized, and the thermal and mechanical properties of the corresponding thermosets are discussed.
MATERIALS AND METHODS

MATERIALS
o-Aminophenol (98%), p-aminophenol (97%), trimellitic anhydride chloride (98%), and paraformaldehyde (95%), were used as received from Sigma-Aldrich. 4,4 -Diaminodiphenylmethane (DDM) (98%), was purchased from Aldrich. Aniline was purchased from Aldrich and purified by distillation. Dimethylformamide, hexane, xylenes, and sodium sulfate were obtained from Fisher scientific and used as received.
CHARACTERIZATION
Proton nuclear magnetic resonance ( 1 H NMR) spectra were acquired on a Varian Oxford AS300 at a proton frequency of 300 MHz. The average number of transients for 1 H MNR measurement was 64. A relaxation time of 10 s was used for the integrated intensity determination of 1 H NMR spectra. Fourier transform infrared (FTIR) spectra were obtained using a Bomem Michelson MB100 FTIR spectrometer, which was equipped with a deuterated triglycine sulfate (DTGS) detector and a dry air purge unit. Co addition of 32 scans was recorded at a resolution of 4 cm −1 . Transmission spectra were obtained by casting a thin film on a KBr plate for partially polymerized samples. A TA Instruments differential scanning calorimeter (DSC) model 2920 was used with a heating rate of 10°C/min and a nitrogen flow rate of 60 mL/min for all tests. All samples were sealed in hermetic aluminum pans with lids. Thermogravimetric analyses (TGA) were performed on a TA Instrument Q500 TGA with a heating rate of 10°C/min in a nitrogen atmosphere at a flow rate of 40 mL/min. Dynamic mechanical analysis (DMA) was done on a TA Instruments Model Q800 DMA applying controlled strain tension mode with amplitude of 10 µm and a ramp rate of 3°C/min.
PREPARATION OF N,2-BIS(4-HYDROXYPHENYL)-1,3-DIOXOISOINDOLINE-5-CARBOXAMIDE (ABBREVIATED AS pAI)
Into a 250 mL round flask were placed trimellitic anhydride chloride (6.32 g, 0.03 mol), p-aminophenol (6.54 g, 0.06 mol), and 60 ml of dimethylformamide. The mixture was stirred at room temperature for 2 h, and then refluxed for 6 h. After cooling to room temperature, the reaction mixture was poured into 500 mL of 2 mol L −1 NaHCO 3 aqueous solution to give a powder-like precipitate. Then the precipitate was filtered and washed several times with de-ionized water. The products were dried under vacuum to obtain a brown powder (yield 82%). 1 H NMR (DMSO-d 6 ), ppm: δ = 6.72-8.47 (11H, Ar), 9.34 (s, NH), 9.78 (s, OH), 10.41 (s, OH). IR spectra (KBr, cm −1 ) = 3322 (O-H stretching), 1782, 1726 (Imide I), 1709, 1651 (amide I), 1384 (imide II, C-N stretching), 730 (C=O bending).
PREPARATION OF N,2-BIS(2-HYDROXYPHENYL)-1,3-DIOXOISOINDOLINE-5-CARBOXAMIDE (ABBREVIATED AS oAI)
Exactly the same amounts and procedures as pAI were used to synthesize oAI. The product was dried under vacuum to obtain a yellow powder (yield 85%). 1 H NMR (DMSO-d 6 ), ppm: δ = 6.79-8.65 (11H, Ar), 9.71 (s, OH), 9.90 (s, OH), 10.01 (s, NH). IR spectra (KBr, cm −1 ) = 3334 (O-H stretching), 1775, 1705 (Imide I), 1705, 1657 (amide I), 1387 (imide II, C-N stretching), 751 (C=O bending).
PREPARATION OF 1,3-DIOXO-N,2-BIS(3-PHENYL-3,4-DIHYDRO-2H-BENZO[E][1,3]OXAZIN-6-YL)ISOINDOLINE-5-CARBOXAMIDE (ABBREVIATED AS pAI-A)
Into a 100 mL round flask were added 40 mL of mixed isomer xylenes, aniline (1.86 g, 0.02 mol), pAI (3.74 g, 0.01 mol), and excess of paraformaldehyde (1.81 g, 0.06 mol). The mixture was stirred at 120°C for 48 h. The mixture was subsequently cooled to room temperature and filtered off. Then the solution was precipitated into 100 mL of hexane. Removal of solvent afforded a yellow powder (yield 52%). 
PREPARATION OF 1,3-DIOXO-N,2-BIS(3-PHENYL-3,4-DIHYDRO-2H-BENZO[E][1,3]OXAZIN-8-YL)ISOINDOLINE-5-CARBOXAMIDE (ABBREVIATED AS oAI-A)
Into a 100 mL round flask were added 40 mL of mixed isomer xylenes, aniline (1.86 g, 0.02 mol), oAI (3.74 g, 0.01 mol), and paraformaldehyde (1.21 g, 0.04 mol). The mixture was stirred at 120°C for 6 h. The mixture was cooled to room temperature. Then the solution was precipitated into 100 mL of hexane. Removal of solvent afforded a yellow powder (yield 95%). 1 H NMR (DMSOd 6 ), ppm: δ = 4.70, 4.74 (s, Ar-CH 2 -N, oxazine), 5.43, 5.54 (s, O-CH 2 -N, oxazine), 6.54-8.57 (19H, Ar), 9.95 (s, NH). IR spectra (KBr), cm −1 : 1780, 1724 (imide I), 1724, 1675 (amide I), 1498 (stretching of trisubstituted benzene ring), 1380 (imide II), 1234 (C-O-C asymmetric stretching), 926 (out-of-plane C-H).
PREPARATION OF AMIDE-CO-IMIDE MAIN-CHAIN TYPE BENZOXAZINE POLYMER (oAI-DDM)
Into a 250 mL round flask were added 60 mL of xylenes, DDM (1.98 g, 0.01 mol), oAI (3.74 g, 0.01 mol), and paraformaldehyde
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(1.21 g, 0.04 mol). The mixture was stirred at 120°C for 12 h. The mixture was cooled to room temperature and filtered off. Then the solution was precipitated into 100 mL of hexane. Removal of solvent afforded a yellow powder (yield 75%).
PREPARATION OF POLY(BENZOXAZOLE-CO-IMIDE) AND POLYBENZOXAZOLE THERMOSETS
A solutions of 30% solid content of the oAI-a and oAI-ddm in DMF was prepared. Then, the solution was cast over a dichlorodimethylsilane-pretreated glass plate. The films were dried in an air circulating oven at 100°C for 3 days to remove the solvent. The film as fixed on a glass plate was polymerized stepwise at 200°C for 2 h and 300°C for 1 h to obtain poly(benzoxazole-coimide) thermosets. The poly(benzoxazole-co-imide) thermosets are defined as poly(oAI-a)-300 and poly(oAI-ddm)-300 from the monomeric and main-chain precursors, respectively. The poly(benzoxazole-co-imide) thermosets were further treated at 400°C for 1 h to obtain PBO thermosets. The PBO thermosets are defined as poly(oAI-a)-400 and poly(oAI-ddm)-400 from the monomeric and main-chain precursors, respectively. All film showed dark brown color with thickness ranging from 0.1 to 0.3 mm.
RESULTS AND DISCUSSION
PREPARATION OF AMIDE-CO-IMIDE FUNCTIONAL BENZOXAZINE MONOMERS
A successful synthesis of amide-imide functional benzoxazine monomers has been achieved using primary amine (aniline), formaldehyde, and amide-co-imide functional phenol (ortho-and para-isomers) as indicated in Scheme 1.
We chose trimellitic anhydride chloride to prepare amideimide functional phenols (pAI and oAI) as the first step, and then pAI and oAI reacted with aniline and paraformaldehyde to prepare amide-imide difunctional benzoxazine monomers. At the second step, the synthesis method and the reaction time of para-amideimide functional benzoxazine monomer (pAI-a) exhibited great differences from ortho-isomer (oAI-a). The synthesis of pAI-a was difficult because of the poor solubility of pAI in ordinary solvent. Besides, the pAI did not disappear despite applying long reaction time, leading to poor yield. Thus, excess paraformaldehyde and the reaction time of 48 h were applied to obtain at least 80% yield of benzoxazine monomer. However, the synthesis of oAI-a completed in just 6 h, and a transparent solution was subsequently formed, leading to a high yield. We assumed that the intramolecular hydrogen bond between the phenolic OH group and the carbonyl group decreases the polarity of oAI. As a result, it improves the solubility of oAI in aprotic solvent. Additionally, the intramolecular hydrogen bond also accelerates the ionization of phenolic OH during the initial stage for forming benzoxazine ring. Thus, the ring-closing of benzoxazine ring for ortho-isomer becomes much easier than para-isomer.
The structures of the monomers were confirmed using 1 H NMR spectra, as depicted in Figures 1 and 2 . The typical resonances attributed to the benzoxazine structures, Ar-CH 2 -N-and -O-CH 2 -N-for pAI-a are observed at 4.61, 4.69, and 5.45, 5.52 ppm, respectively. Also the resonances for oAI-a are observed at 4.70, 4.74, and 5.43, 5.54 ppm, respectively. Ordinarily, the characteristic benzoxazine resonance pair for Ar-CH 2 -N-and -O-CH 2 -N-consists of singlets with frequency separation of around 0.8-0.9 ppm (Ishida and Agag, 2011) . However, due to the asymmetric nature of the magnetic environment of pAI-a and oAI-a, those singlets split into doublets. Besides, the 1 H NMR spectra confirm the presence of amide group (-NH-) at 10.18 and 9.95 ppm for pAI-a and oAI-a, respectively.
There are a number of infrared absorption bands, highlighted in Figure 3 , which are used to verify the formation of amide, imide, and oxazine rings in each monomer. For example, imide is presented by the characteristic bands at 1771, 1780 cm −1 , 1721, 1724 cm −1 , and 1372, 1380 cm −1 for pAI-a and oAI-a, respectively. The characteristic doublet at 1771, 1780 cm −1 and 1721, 1724 cm −1 are the typical bands for imide, which are attributed to the imide C-C(=O)-C asymmetric and symmetric stretching, SCHEME 1 | Preparation of amide-co-imide functional benzoxazine monomers.
www.frontiersin.org respectively. The bands at 1372 and 1380 cm −1 are due to the axial stretching of C-N bonding (Ishida et al., 1980) . Besides, the characteristic band at 1675 cm −1 is the typical band for amide, which is attributed to the amide I mode. Bands characteristic of asymmetric trisubstituted benzene that appear at 1500 and 1498 cm −1 support the incorporation of imide and amide group into benzoxazine monomers. Furthermore, the presence of the benzoxazine ring aromatic ether in the monomers is indicated by bands centered at 1229 and 1234 cm −1 for the pAI-a and oPP-a, respectively, which are due to the C-O-C asymmetric stretching modes. The characteristic out-of-plane absorption modes of benzene with an attached oxazine ring are located at 951 and 926 cm −1 for the pAI-a and oAI-a, respectively (Dunkers and Ishida, 1995) . 
POLYMERIZATION BEHAVIOR OF BENZOXAZINE MONOMERS
The polymerization profiles of imide functional benzoxazine monomers were studied by DSC as depicted in Figure 4 . The thermograms show that the maxima of the ring-opening polymerization of pAI-a and oAI-a centered at 219 and 215°C, respectively. The polymerization behavior of amide containing benzoxazines further support our previous finding that the presence of amide (-NH-CO-) linkage accelerated the polymerization in comparison with ordinary benzoxazines (Agag et al., 2010) .
The ortho-functional benzoxazine monomer oAI-a shows lower ring-opening polymerization temperature compared with the para-isomer. The presence of intramolecular hydrogen bonding between an amide linkage and the adjacent oxazine ring acts as an internal incentive to stimulate the ring-opening polymerization in a smart way, like a self-complementary initiator. However, the exotherm maxima separation between the para and ortho species is smaller than expected. This is likely due to the poorer purity of the para species and show lower exotherm maximum temperature than the pure sample as shown in the lack of melting endotherm in the para species. This lack of melting endotherm is caused by the difficulty in synthesis, as described previously, and as a consequence, the presence of oligomers that is difficult to be eliminated. The NMR spectra show the oxazine contents of pAI-a and oAI-a to be 90 and 98%, respectively. In the case of synthesizing pAI-a, the solubility of starting material of pAI is very poor in the reaction solvent. As a result, the longer reaction time leads the phenol group catalyzing the ring-opening of oxazine ring during the reaction, forming about 10% oligomers.
THERMAL PROPERTIES OF AMIDE-CO-IMIDE FUNCTIONAL POLYBENZOXAZINES
The thermal stability of the polybenzoxazine derived from para-and ortho-benzoxazine isomers has been studied by TGA (Figure 5 ) after thermal treatment at 200°C for 2 h. The derivative weight-loss curves are also shown in Figure 5 . From the comparison of these two polybenzoxazines, we observed that poly(pAI-a) shows two high weight-loss stages in the range of 250-400°C and 450-600°C, which shows a degradation similar to typical polybenzxoazines. Figure 6 shows FTIR spectra of pAI-a after various thermal treatment. As shown in Figure 6 , the amide band at 1675 cm −1 decreases significantly from 300 to 400°C treatment, which suggests the degradation of amide groups in poly(pAI-a). Meanwhile, the characteristic band for imide at 1771 cm −1 does not change at all during the heating. Besides, it is well known that the polybenzoxazines derived from benzoxazine monomers contain terminal Schiff base groups and secondary amides as defect structures, which can be decomposed around 250-300°C (Hamerton et al., 2013) . Thus, the first weight-loss stages in the range of 250-400°C for poly(pAI-a) is due to the degradation of defect structures and amide groups. On the contrary, the polybenzoxazine of ortho-isomer (oAI-a) shows different weight change profiles. Poly(oAI-a) does not show the obvious weight-loss stage in the range of 450-600°C. The second weight-loss stage of poly(oAI-a) is in the range of 550-750°C, which is much higher than poly(pAI-a). As a result, the char yield of the polybenzoxazines based on orthomonomer is much higher than the polybenzoxazine based on para-isomers. In order to qualitatively study the structural evolution of poly(oAI-a), FTIR analysis of oAI-a after various thermal treatments was carried out and the spectra are shown in Figure 7 . The characteristic absorption band at 926 cm −1 (the out-of-plane bending vibration of C-H) and 1234 cm −1 (C-O-C asymmetric www.frontiersin.org stretching modes) gradually disappear from room temperature to 200°C, suggesting the ring-opening of the benzoxazine. Besides, the cyclization to poly(o-hydroxyamide) was observed by the decrease of the amide I band at 1675 cm −1 and appearance of benzoxazole structure at 1615 cm −1 (C=N stretching) after 200°C. As a result, the first weight-loss stage in the range of 200-300°C is due to the formation of benzoxazole through intramolecular cyclization between the neighboring hydroxyl and amide groups. Moreover, the characteristic peak for imide at 1780 cm −1 gradually disappears after 350°C, which is in agreement with the possible thermal conversion of ortho-hydroxypolyimides into benzoxazole structure.
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In order to further support the benzoxazole formation, the TGA analyses with the isothermal conditions at 300 and 400°C for each 1 h of poly(oAI-a) has been studied. As shown in Figure 8 , a weight-loss of 6.42 wt% is observed in the first weight-loss stage, which is higher than the theoretical weight loss from complete release of water (2.96 wt%). As mentioned above, the difference between the observed and theoretically expected weight-loss amount by 3.46 wt% might originate from the degradation of the defect structures. Besides, the weight loss for the second weightloss stage is 7.95 wt% since the theoretical weight loss from complete release of CO 2 should be 7.24 wt%, which is nearly identical to the theoretically expected amount, implying that no significant additional degradation mechanism exists. The previous approaches for developing PBO precursors that are soluble in organic solvents were realized by incorporating flexible groups, such as tert-butyldimethylsilyl, methyl, and isopropyl. As a result, the degradation of those flexible groups occurred during the thermally induced ring-closing reaction of benzoxazole formation, which leads to a high weight loss (Fukumaru et al., 2012 (Fukumaru et al., , 2014 . The trade-off generally exists between the solubility and thermal stability of PBO precursors. However, only around 14.5 wt% total weight loss was observed in this study, which is much lower compared with other methods for obtaining PBO s with the weight loss of 33-36 wt% (Fukumaru et al., 2014) . Moreover, the third weightloss stage of poly(oAI-a) is in the range of 550-700°C, which is in accordance with the degradation of PBO. Therefore, the thermal behavior of pAI-a and oAI-a can be described as Scheme 2.
PREPARATION OF AMIDE-CO-IMIDE MAIN-CHAIN TYPE BENZOXAZINE POLYMER
It is well known that the thermal and mechanical performance of polybenzoxazine thermosets derived from main-chain benzoxazine polymers proved to be excellent in comparison to those derived from monomers (Chernykh et al., 2006) . In this study, a main-chain type ortho-functional polybenzoxazine with amideimide and benzoxazine groups as repeating units in the mainchain (oAI-ddm) has also been prepared. The structure of the main-chain oAI-ddm was confirmed using 1 H NMR spectrum, as depicted in Figure 9 . The typical resonances attributed to the benzoxazine structure, Ar-CH 2 -N-and -O-CH 2 -N-for mainchain oAI-ddm are observed at 4.65, 4.63 and 5.35, 5.46 ppm, respectively. Also the 1 H NMR spectra confirm the presence of amide group (-NH-) at 9.89 ppm and methylene group (-CH 2 -) at 3.68 ppm. Moreover, the intensity ratio of O-CH 2 -N to -NHis 3.66:1, which is lower than the ideal main-chain polybenzoxazine with complete ring-closure (4:1). Thus, the concentration of ring-closure can be calculated as 3.66/4 = 91.5%.
DSC ANALYSIS OF oAI-DDM AS A FUNCTIONAL OF HEAT TREATMENT
The crosslinking behavior of the main-chain (oAI-ddm) was also studied by DSC as shown in Figure 10 after thermal treatment at 150, 200, 250, and 300°C for 1 h at each temperature.
It is well known that 1,3-benzoxazine exhibits an exothermic ring-opening polymerization reaction around 250°C (Ishida and Agag, 2011) . However, the DSC results of oAI-ddm show a different thermal behavior compared with the traditional benzoxazines. The thermograms not only show an exothermic ring-opening behavior of benzoxazine but also an endothermic cyclodehydration behavior of o-hydroxyamide to give benzoxazole. It is observed that the exothermic peak gradually decreases after each treatment temperature. The exotherm and endotherm practically disappeared at 300°C, thereby showing the completion of the ring-opening and cyclodehydration reaction. Besides, no Tg can be observed after the thermal treatment at 300°C of oAI-ddm before 350°C, which means the excellent thermal property of poly(oAI-ddm)-300.
THERMAL PROPERTIES OF POLY(BENZOXAZOLE-CO-IMIDE) THERMOSETS
The results of DMA of the thermosets are shown in Figure 11 for the storage (E ) modulus, loss (E ) modulus, and tan δ. In this work, the peak of tan δ is used to mark the glass transition temperature (T g ) due to the difficulty of determining the peak position for the E spectrum, which is normally used as the definition of T g by DMA. As shown in Figure 11A , the T g determined as the peak temperature of tan δ curve is around 332°C for poly(oAI-a)-300. However, the poly(oAI-ddm)-300 shows no T g before 400°C as shown in Figure 11B , which is in agreement with the DSC results, suggesting that this material can be used at very high temperatures. We did not run the analysis at a higher temperature to find the T g Frontiers in Materials | Composite Materials SCHEME 2 | Thermal behavior of amide-co-imide functional benzoxazine isomers.
FIGURE 9 |
1 H NMR spectra of main-chain type benzoxazine oAI-ddm.
because the degradation took place after 400°C. The flatness of the E spectrum in a very wide temperature range from room temperature to almost 400°C suggests that this material is ideally suited for application in a variable temperature where constant mechanical properties throughout the temperature range is desired. The broad and weak transitions centered around 125°C is likely due to the β transition of the polymer. The thermal stability of poly(benzoxazole-co-imide) thermosets (poly(oAI-a)-300 and poly(oAI-ddm)-300 has been studied by TGA as shown in Figure 12 . The 5 and 10% weight-loss temperatures (T d5 and T d10 ) for poly(oAI-a)-300 are 406 and 476°C, respectively. For poly(oAI-ddm)-300, the T d5 and T d10 are 410 and 473°C, respectively. Besides, the char yield for poly(oAI-a)-300 and poly(oAI-ddm)-300 are as high as 63 and 52%, respectively. The thermal property data of poly(oAI-a)-300 and poly(oAI-ddm)-300 are summarized in Table 1 . The data demonstrate high thermal stability of both monomer and main-chain benzoxazine based cross-linked poly(benzoxazole-co-imide) thermosets.
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THERMAL PROPERTIES OF POLYBENZOXAZOLE THERMOSETS
The thermal stability of PBO thermosets poly(oAI-a)-400 and poly(oAI-ddm)-400 has also been studied by TGA as shown in Figure 13 . The 5 and 10% weight-loss temperatures (T d5 and T d10 ) for poly(oAI-a)-400 are 536 and 589°C, respectively. For poly(oAIddm)-400, the T d5 and T d10 are 503 and 555°C, respectively. The maxima of weight-loss rates for poly(oAI-a)-400 and poly(oAIddm)-400 are as high as 633 and 636°C, respectively. Besides, the char yield for poly(oAI-a)-400 and poly(oAI-ddm)-400 are as high as 71 and 60%, respectively. The data demonstrate extremely high thermal stability of both monomer and main-chain benzoxazine
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based cross-linked PBO thermosets. However, it was very difficult to measure mechanical properties since they were brittle.
CONCLUSION
A new class of amide-co-imide functional benzoxazines has been successfully synthesized. Among these new benzoxazine monomers, ortho-amide-imide functional benzoxazine resins show powerful advantages both in the synthesis of benzoxazine monomer or main-chain type polybenzoxazine and the properties of the corresponding thermosets. Besides, the poly(benzoxazoleco-imide) derived from the main-chain benzoxazine shows the T g as high as over 400°C, and PBO thermosets based on the ortho-(amide-co-imide) functional benzoxazine monomer shows the T d5 as high as 536°C, appointing these materials as a good candidate for high-performance applications.
